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neuronal action potentials) studies they used freely moving rats that had undergone pilocarpine-induced status epilepticus and then developed spontaneous seizures. For fMRI imaging in a different group of anesthetized animals, seizures could be induced by focal electrical stimulation of the hippocampus. The intensity of stimulation determined whether the seizures stayed focal or spread (secondarily generalized). During focal hippocampal seizures, EEG activity in the orbitofrontal cortex consisted of large-amplitude 1-2 Hz slow oscillations similar to those seen in slow-wave sleep (or deep anesthesia), synchronized with bursts of action potentials in neurons in the orbitofrontal cortex (extracellular recording of multi-unit activity). At the same time, there were decreases in brain oxygenation level-dependent (BOLD) and flow-related cerebral blood volume (CBV) fMRI signals in the orbitofrontal cortex, suggesting suppression of cortical activation (again similar to slow wave sleep or anesthesia), while both fMRI signals were enhanced in the septum. This latter finding prompted an experiment using electrical stimulation of the septum in awake, normally behaving rats resulting in appearance of slow EEG waves in the orbitofrontal cortex. The concept that hippocampal-septal connections may be required for the development of slow waves in the orbitofrontal cortex accompanying focal hippocampal seizures was verified with fornix transection resulting in cessation of the slow wave pattern in orbitofrontal cortex. During secondarily generalized seizures, EEG activity in the orbitofrontal cortex consisted of fast polyspikes similar to and synchronized with ongoing ictal activity in the hippocampus; neurons in the orbitofrontal region of the cortex fired continuously and fMRI BOLD and CBV signals were increased -supporting the notion that during secondarily generalized Impaired consciousness in temporal lobe seizures has a major negative impact on quality of life. The prevailing view holds that this disorder impairs consciousness by seizure spread to the bilateral temporal lobes. We propose instead that seizures invade subcortical regions and depress arousal, causing impairment through decreases rather than through increases in activity. Using functional magnetic resonance imaging in a rodent model, we found increased activity in regions known to depress cortical function, including lateral septum and anterior hypothalamus. Importantly, we found suppression of intralaminar thalamic and brainstem arousal systems and suppression of the cortex. At a cellular level, we found reduced firing of identified cholinergic neurons in the brainstem pedunculopontine tegmental nucleus and basal forebrain. Finally, we used enzyme-based amperometry to demonstrate reduced cholinergic neurotransmission in both cortex and thalamus. Decreased subcortical arousal is a critical mechanism for loss of consciousness in focal temporal lobe seizures.
To Arouse Or Not To Arouse: The Cholinergic Question
hippocampal seizures, increased activity of the frontal cortex mimics ictal hippocampal patterns (3, 4) .
For the current study, authors hypothesized that focal hippocampal seizures activate hypothalamic inhibitory systems, which suppress both brainstem and thalamic/basal forebrain cholinergic activation (arousal) centers projecting back to the cortex. During focal hippocampal seizures, the authors found increases in fMRI BOLD signal in the hippocampus, lateral septum and anterior hypothalamus (slow wave sleep-promoting region). These findings are consistent with increased activation of these regions during a seizure (5) . On the other hand, decreases in BOLD signal were concurrently found in ventral orbitofrontal, cingulate, and retrosplenial cortex and also in arousal-promoting regions of intralaminar thalamic nuclei and midbrain tegmentum -note that the activity in these regions is decreased during focal hippocampal seizures. Extracellular recordings of both single-and multi-unit activity further confirmed the original inference that cholinergic neurons in arousal centers would decrease their firing rates during a focal hippocampal seizure. Under control conditions (without seizures), cholinergic neurons in PPTg and basal forebrain fired spontaneously and continuously. Once the focal ictal activity was initiated in the hippocampus, cholinergic neurons almost stopped firing and their activity reappeared only after cessation of the focal hippocampal seizure.
Using high-temporal resolution amperometry, the authors determined choline levels in the orbitofrontal cortex, and found that the magnitude of focal hippocampal seizures was inversely correlated with neocortical choline levels. This finding likely reflects decreased firing of source cholinergic neurons in the PPTg and basal forebrain (projecting to the orbitofrontal cortex) during focal hippocampal seizures. To further support their hypothesis, the authors applied a toepinch, which increases arousal. This stimulus increased choline levels in orbitofrontal cortex and thalamus, opposite of the decreased arousal found during focal hippocampal seizures. There is also an internal control embedded in the paper: Following hippocampal stimulation with a primary hippocampal afterdischarge (AD; representing focal seizure) there is approximately 40 s of EEG suppression. After this latent period and without any additional trigger, another discharge appears. This AD is termed recurrent or a "jack-in-a-box" discharge (6, 7) . Choline levels in the frontal cortex dropped during the primary AD, rose during the latent period, and again fell during recurrent discharges.
In a follow up paper, the researchers applied findings of the paper discussed here. In two states associated with occurrence of slow waves in the orbitofrontal cortex (anesthesia and focal hippocampal seizures), a strong, high-frequency stimulation delivered to the central lateral thalamus with intent to provide "arousal" elicited breakdown in the cortical slow wave local field potential pattern. This stimulation also changed the firing of neocortical neurons from a burst mode to a continuous pattern seen before induction of frontal slow wave activity, providing further confirmation of a critical role of subcortical centers in neocortical activation (8) .
In conclusion, Motelow et al. provide strong evidence that focal hippocampal seizures lead to depressed subcortical cholinergic arousal, which underlies the loss of consciousness during seizures. This finding offers a novel potential approach to treatment of complex partial seizures by specifically activating cholinergic neurons in the arousal centers (experimental optogenetic tools already exist). However, some additional issues need to be clarified: The authors used only females for their study, but hormonal changes during female ovarian cycles may confound the picture of sedation or arousal (9, 10, 11) . Finally, the mechanism of impaired consciousness during focal hippocampal seizures that secondarily generalize as well as the role of other "arousal" candidates remain to be determined.
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